Introduction The pathophysiology of sepsis-associated delirium is not completely understood and the data on cerebral perfusion in sepsis are conflicting. We tested the hypothesis that cerebral perfusion and selected serum markers of inflammation and delirium differ in septic patients with and without sepsisassociated delirium.
Introduction
Sepsis-associated delirium is one of the most common causes of delirium in intensive care units [1] . Sepsis-associated delirium is not simply an unpleasant confusion or obtundation of a patient with sepsis, but a relevant and often severe organ dysfunction that is reflected by an increase in mortality [2] . Furthermore, impaired cognitive function after critical illness, particularly in patients who suffered delirium, is increasingly being recognised [3] . To date, the exact mechanisms of sepsis-associated delirium, most probably multifactorial in origin, remain obscure. Important precipitating factors possibly include reduced cerebral blood flow (CBF) and oxygen extrac-APACHE II = Acute Physiology and Chronic Health Evaluation II; CAM-ICU = confusion assessment method for the intensive care unit; CBF = cerebral blood flow; CRP = C-reactive protein; FV = flow velocity; IL-6 = interleukin-6; MAP = mean arterial pressure; MRI = magnetic resonance imaging; Mx = index of cerebrovascular autoregulation; NIRS = near-infrared spectroscopy; NSE = neuron-specific enolase; PaCO 2 = arterial partial pressure of carbon dioxide; SPECT = single photon emission computed tomography; TCD = transcranial Doppler; TOI = tissue oxygenation index.
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tion by the brain, disruption of the blood-brain barrier and cerebral oedema that may arise from the action of inflammatory mediators on the cerebrovascular endothelium, abnormal neurotransmitter composition of the reticular activating system, impaired astrocyte function, and neuronal degeneration [4] . As sedation and other treatments often obscure the neurological picture, the diagnosis of delirium in patients with sepsis is difficult. Accordingly, there is considerable variability in reported incidences, ranging from 8% to 70%, which seems to arise at least in part from differences in diagnostic criteria [4] . The term sepsis-associated delirium has recently been proposed to replace the term septic encephalopathy in order to comply with changes in classifications of the Diagnostic and Statistical Manual of Mental Disorders (4th edition) and the International Statistical Classification of Diseases and Related Health Problems (ICD-10) [5] .
Previous work on cerebral perfusion and cerebrovascular reactivity in sepsis has yielded conflicting results. In a retrospective analysis, hypotension was shown to be the only predictor of delirium in post-operative patients with sepsis [6] . Bowton and colleagues [7] found low CBF in patients with sepsis and these results suggest a role of cerebral ischaemia in the development of sepsis-associated delirium. In contrast, a recent study on cerebral haemodynamics in mechanically ventilated patients with sepsis-associated delirium [8] reported normal global CBF measured with transcranial Doppler (TCD). However, a SPECT (single photon emission computed tomography) study in a small group of general medical patients showed that frontal or parietal cerebral perfusion abnormalities occur in delirium [9] . To date, two studies have been undertaken to address the issue of cerebral autoregulation in patients with sepsis, again yielding inconclusive results. Matta and Stow [10] reported intact pressure autoregulation and cerebral carbon dioxide reactivity in 10 patients with sepsis, whereas Smith and colleagues [11] , using carotid TCD and cardiac output measurements, demonstrated that CBF was correlated with cardiac index in septic shock patients, a finding the authors rated as consistent with a loss of cerebrovascular autoregulation. Neither study differentiated between patients with sepsis-associated delirium and those without sepsis-associated delirium.
The role of biomarkers in sepsis-associated delirium is even less clear. Potential markers for delirium have recently been reviewed [12] , but much research has focused on patients with delirium independent of sepsis. Furthermore, it is not clear whether the results also apply to patients with sepsis. It would be helpful to have reliable serum markers that support the diagnosis of sepsis-associated delirium. Recent research has investigated the value of S-100β and neuron-specific enolase (NSE) [13, 14] . However, the endpoints of these studies were mortality and irreversible brain injury. The results of these two studies are contradictory and difficult to compare due to marked differences between the protocols. Furthermore, sepsis-associated delirium may or may not lead to permanent brain damage [5] .
In view of the many questions regarding the pathophysiology of sepsis-associated delirium, we addressed three aspects. Given the CBF data, reduced cerebral perfusion is a possible cause of sepsis-associated delirium. We, therefore, tested the hypothesis that patients with sepsis-associated delirium have alterations in cerebral perfusion. The response of the brain to the intense inflammatory stimulus associated with sepsis is an additional key factor in the development of sepsis-associated delirium. Therefore, we tested the hypothesis that there is an association between sepsis-associated delirium and the inflammatory response reflected by interleukin-6 (IL-6) and Creactive protein (CRP). Finally, in view of the diagnostic difficulties, we addressed the question of whether S-100β and basal cortisol are potential markers for sepsis-associated delirium. [15] . Patients with an intracranial focus of infection, with a relevant pre-existing central neurological disorder, or with delirium attributable to a cause other than sepsis were excluded. All patients were studied after stabilisation within 48 hours of admission to the intensive care unit. No interventions were performed in this strictly observational study. Patient management and treatment changes were left entirely to the discretion of the attending physicians.
Materials and methods
Sepsis-associated delirium was diagnosed using the confusion assessment method for the intensive care unit (CAM-ICU) [16] . Sedated patients were examined at the end of the routinely performed daily sedation pause. Patients in whom sedation was not stopped were not assessed and were excluded from this study. Patients with possible alcohol withdrawal delirium, acute or chronic hepatic failure, or uncorrected metabolic derangements were excluded. Routine monitoring included electrocardiography, pulse oximetry, and mean arterial pressure (MAP) measured directly in the radial or femoral artery. During the examination, patients were in the supine position with a head elevation of no more than 30°. As a surrogate for cerebral oxygenation, a tissue oxygenation index (TOI) was assessed by near-infrared spectroscopy (NIRS) [17] with measurements performed bilaterally over the frontal to frontoparietal area (NIRO-200; Hamamatsu Photonics K.K., Hamamatsu City, Japan). Using TCD with a 2-MHz probe (Multidop T; DWL, Singen, Germany), blood flow velocity (FV) in the middle cerebral artery of both hemispheres was monitored for 1 hour. Analogue outputs from arterial pressure monitoring and TCD were transferred to a laptop computer via an analogue-to-digital converter and processed using the 'ICM + software', version 6.1, from the University of Cambridge, UK [18] . Cerebrovascular autoregulation was assessed by calculating a moving correlation coefficient (the index of cerebrovascular autoregulation, Mx) between MAP and FV as described previously [19] . Briefly, values of MAP and FV that are calculated every 10 seconds by the bedside software are used for calculation of the index Mx. Mx is calculated every 60 seconds as the moving linear correlation coefficient between the last 30 consecutive values of MAP and FV. A positive correlation coefficient indicates impaired autoregulation, and a correlation coefficient close to zero or negative indicates intact autoregulation. Values of Mx of greater than 0.3 have been shown to be associated with disturbed autoregulation [20] . For analysis, data from the two hemispheres were averaged and the mean of each parameter over the 60-minute recording period was used for subsequent analyses.
CRP, IL-6, S-100β, and cortisol were determined during each monitoring session. IL-6 was measured using a solid-phase enzyme-labelled chemiluminescent sequential immunometric assay (Immulite 2000 IL-6; Siemens Medical Solutions Diagnostics, Los Angeles, CA, USA). For S-100β, the manufacturer (Roche Diagnostics GmbH, Mannheim, Germany) proposes a cutoff of 0.105 μg/L on a detection range of 0.005 to 39 μg/L for patients with possible cerebral damage (sensitivity 99%, specificity 33%). Cortisol was measured with an Immulite 2000 cortisol assay (Siemens Healthcare Diagnostics, Los Angeles, CA, USA). The reference range for diurnal variation given by the manufacturer is 138 to 690 nmol/L.
A non-parametric approach was used for analysis as data are clearly not normally distributed. Comparisons were made using the Mann-Whitney U test. Calculations were performed with SPSS 15.0 for Windows (SPSS Inc., Chicago, IL, USA). Data are shown as median (range) unless specified otherwise. A two-tailed P value of less than 0.05 was considered significant.
Results
Between January and July 2007, 23 consecutive patients were eligible for inclusion and consented to participate. Seven patients had to be excluded from the analysis. One patient developed an acute intracranial pathology manifesting with a unilaterally dilated pupil, coma, and death. In six patients, continuous deep sedation precluded a reliable assessment of delirium with the CAM-ICU. Sepsis-associated delirium was diagnosed in 12 of the remaining 16 patients. The median patient age was 74.5 (18 to 90) years, 38% were female, and the median APACHE II (Acute Physiology and Chronic Health Evaluation II) score at admission was 22.5 (9 to 36). Patients with sepsis-associated delirium had higher median APACHE II scores (23 versus 13) but this difference did not reach statistical significance (P = 0.09). Thirty-day mortality was 38%. All patients who died had sepsis-associated delirium. Patient characteristics are shown in Tables 1 and 2 . The median Glasgow Coma Scale score was lower in patients with sepsisassociated delirium (11 [5 to 14] versus 15 [11 to 15] ; P = 0.028). Recombinant activated protein C was not used in this group of patients.
Haemodynamic, respiratory, and cerebral perfusion data are shown in Table 3 . Seven patients, all of whom had sepsisassociated delirium, required noradrenaline for haemodynamic support. There was no significant difference in MAP or cerebral perfusion assessed with TCD and NIRS in the two groups of patients. However, the calculated index of autoregulation was significantly different between these groups (P = 0.015) (Figure 1 ). There were no significant correlations between Mx, the index of autoregulation, and APACHE II score or Mx and catecholamine requirements.
Patients with sepsis-associated delirium had higher CRP levels (P = 0.008) (Figure 1 ). In contrast, no significant differences were found for IL-6 levels (378 [ 
Discussion
In our small group of patients, cerebral perfusion assessed with TCD and NIRS did not differ between patients with and without sepsis-associated delirium. However, the state of autoregulation differed between the two groups. The correlation between CRP and Mx suggests that this may be due to inflammation impeding cerebrovascular endothelial function. The potential delirium markers S-100β and cortisol were different in patients with and without sepsis-associated delirium.
The concept of inadequate cerebral perfusion as one contributor to brain damage in sepsis is supported by earlier work showing reduced CBF in patients with sepsis by means of the xenon-133 clearance technique [7] . Wijdicks and Stevens [6] , though in a retrospective design, found severe hypotension to be the only predictor of sepsis-associated delirium in a multiple logistic regression analysis. In our patients, MAP was a therapeutic target and was tightly controlled, which may explain why we did not find an association between MAP and sepsis-associated delirium. A recent study, also using TCD, found normal FV in patients with sepsis-associated delirium [8] . In our patients, the results of the TCD measurements were highly variable (Table 3 ). In our opinion, it is not possible to define a normal range of FV in such a group of patients. Differences in patient age, sedation, arterial partial pressure of carbon dioxide (PaCO 2 ), and other factors will influence not only CBF but also the relationship between CBF and FV. It is, therefore, impossible to draw conclusions on absolute CBF between the groups of patients with and without sepsis-associated delirium on the basis of a single 'snapshot' measurement of FV.
NIRS is an increasingly used non-invasive tool to assess cerebral oxygenation. The TOI has been satisfactorily validated [17] , and recent work has confirmed that it is not influenced by external factors such as haemoglobin concentration or skull thickness [21] . We did not find conclusive differences in TOI in our patients. There are at least three possible explanations for this. First, disseminated small hypoxic areas or leucoencephalopathic lesions, as documented in a recent magnetic resonance imaging (MRI) study of nine patients with septic shock [22] , are probably too small to be detected by NIRS. Second, we placed the NIRS optodes over the frontal to frontoparietal region. While a SPECT study in medical patients with delirium found regional CBF changes in these areas [9] , it is possible that these areas are not very susceptible to ischaemia in sepsis-associated delirium. Lower brain structures such as basal ganglia and the thalamus might be more important in the development of sepsis-associated delirium. In a case report of a patient with severe sepsis-associated delirium, MRI demonstrated abnormalities in the midbrain, vermis of the cerebellum, and medial portions of both temporal lobes. Extensive infarction of the basal ganglia was revealed at the autopsy of this patient [23] . Another explanation could be that brain ischaemia, though suggestive, is not the only cause of neuronal damage in sepsis-associated delirium. Apoptotic neuronal death in sepsis has been reported by several authors [24, 25] and it has been suggested that this is triggered by the pro-inflammatory mediator nitric oxide rather than by ischaemia [26] .
To date, two studies have investigated cerebral autoregulation in patients with sepsis, yielding inconclusive results [10, 11] . Our results suggest that sepsis-associated delirium, but not sepsis per se, is associated with impaired pressure autoregulation. Cerebrovascular autoregulation is dependent on cerebral endothelial function, and endothelial dysfunction is a key feature in sepsis. One of its characteristics is an inhibition of vasodilatation [27] . If this also occurred in the cerebral circulation, it could explain autoregulatory failure. Currently, there are only few data on cerebral endothelial dysfunction in sepsis. Cerebral perivascular oedema, another possible consequence of endothelial dysfunction, has been described in animal mod- els by several authors [24, 25, 28] . If the cerebrovascular endothelium is affected to a relevant degree, this could potentially have implications for therapy. Perhaps, high cerebral perfusion pressures should be avoided in order to decrease oedema formation. The significant correlation between Mx and CRP does not imply a causal relationship between inflammation and autoregulation. However, one could speculate that disturbance of autoregulation may be the result of the inflammatory response. An association between IL-6 and autoregulation would have supported this concept. However, such a relationship was not found in our patients. This may be explained by the fact that fluctuations of IL-6 occur much more rapidly than CRP levels or that changes in autoregulatory status have a different temporal pattern than changes in IL-6. However, further investigations into the relationship between inflammation and cerebrovascular function are warranted. It would be valuable if, for example, monitoring of autoregulation could be used to quantify the effects of an inflammatory insult to the brain.
In our patients, elevated CRP, S-100β, and cortisol were associated with sepsis-associated delirium. The association between CRP and delirium has been described previously in non-septic patients [29] . With regard to S-100β, our data are consistent with those from patients with delirium after cardiac surgery [30] . Is this increase in S-100β due to brain injury?
The interpretation of S-100β, a protein found predominately in astrocytes and Schwann cells, is difficult. Even when an increase in S-100β is not due to extracranial sources, including the heart, skeletal muscle, and kidneys [31] , it is not absolutely specific for brain damage [32] but may also indicate a disturbance of the blood-brain barrier [33] . It has been suggested that low values reflect blood-brain barrier dysfunction, whereas higher values reflect brain damage. A cutoff value has been suggested based on a pharmacokinetic model [34] . However, S-100β cutoff values depend on the kit used, and comparisons can be made only when identical kits have been used. In our patients, we found moderate elevations of S-100β, but we cannot differentiate between blood-brain barrier dysfunction and glial or neuronal damage. Some of our patients had acute renal failure and haemofiltration, but neither renal failure [13] nor haemofiltration [35] influences S-100β levels. We did not measure NSE, another possible marker of brain damage. However, in a large study including 170 patients with severe sepsis and septic shock, a similar proportion of patients showed increased S-100β and NSE levels, with S-100β being a better predictor of disease severity [13] .
Elevated cortisol levels have been associated with delirium in Cushing syndrome and high-dose steroid treatment [12] . However, to our knowledge, there are only two small studies investigating cortisol as a marker for delirium in general medical or surgical patients [36, 37] . A further study suggested that patients who fail to suppress their cortisol production after a suppression test with dexamethasone are at increased risk for delirium [38] . While this view is interesting, there are several important issues that preclude our finding from supporting the Table 3 Haemodynamics, cerebral perfusion, and respiratory parameters 
Figure 1
Autoregulation, C-reactive protein (CRP), S-100β, and cortisol are significantly different in patients with and without sepsis-associated delirium (SAD) Autoregulation, C-reactive protein (CRP), S-100β, and cortisol are significantly different in patients with and without sepsis-associated delirium (SAD). a.u., arbitrary units; Mx, index of cerebrovascular autoregulation.
hypothesis that cortisol is a useful marker of sepsis-associated delirium. First, high cortisol levels may simply be an indicator of a high degree of the systemic inflammatory response (that is, an indicator of more severe disease) [39] . Second, some of our patients had hydrocortisone therapy (Table 2) , again possibly reflecting more severe disease. Accordingly, the association between high cortisol levels and sepsis-associated delirium would reflect severity of disease rather than a direct relationship. It is plausible that patients with more severe sepsis are at higher risk of developing sepsis-associated delirium.
Despite the fact that we did not find a significant association between sepsis-associated delirium and APACHE II score, others reported such a relationship [40] . Finally, a further concern is related to the method of measurement. It was recently shown that immunoassay estimation of total plasma cortisol in septic patients, as performed in our study, shows wide assayrelated variation [41] .
There are several limitations to the present study. First, the number of investigated patients is small. Therefore, these preliminary results need to be confirmed in a larger group of patients. We could not control PaCO 2 in this group of patients. Performing measurements at standardised PaCO 2 levels was not feasible in this observational study as a relevant number of our patients either were breathing spontaneously or, if intubated, had a ventilator-assisted form of spontaneous breathing. While PaCO 2 was stable during measurements, it is a key denominator of CBF and cerebrovascular autoregulation. This aspect is further complicated by the conflicting data on cerebrovascular CO 2 reactivity in sepsis. A recent study found normal CO 2 reactivity in 10 mechanically ventilated patients with sepsis-associated delirium [8] . This is supported by earlier work by Bowton and colleagues [7] and Matta and Stow [10] . However, Terborg and colleagues [42] found impaired CO 2 reactivity, and Bowie and colleagues [43] reported values ranging from reduced to exaggerated CO 2 responses. Autoregulation is also influenced by temperature [44] , and again we could not control for this parameter. However, the range of temperatures at which we performed our measurements was moderate (Table 2) .
Conclusion
In this small group of patients, cerebral perfusion assessed with TCD and NIRS did not differ between patients with and without sepsis-associated delirium. However, the state of cerebrovascular autoregulation differed significantly between the two groups. This may be due to inflammation impeding cerebrovascular endothelial function, a concept that is supported by the significant correlation between elevated CRP and disturbed autoregulation. Further investigations defining the role of S-100β and cortisol as aids in the diagnosis of sepsis-associated delirium are warranted.
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Key messages
• In this small group of patients, cerebral perfusion assessed with transcranial Doppler and near-infrared spectroscopy did not differ between patients with and without sepsis-associated delirium.
• We found a significant association between disturbed cerebrovascular autoregulation and sepsis-associated delirium.
• A significant correlation between higher values of Creactive protein and increasingly disturbed cerebrovascular autoregulation suggests a harmful effect of inflammation on cerebrovascular endothelial function.
• The significant associations between sepsis-associated delirium and elevated S-100β and cortisol suggest that further investigations defining the role of these markers as aids in the diagnosis of sepsis-associated delirium are warranted.
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